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ABSTRACT
We investigate turbulent gas motions in spiral galaxies and their importance to star formation
in far outer disks, where the column density is typically far below the critical value for spontaneous
gravitational collapse. Following the methods of Burkhart et al. (2010) on the Small Magellanic
Cloud, we use the third and fourth statistical moments, as indicators of structures caused by
turbulence, to examine the neutral hydrogen (H I) column density of a sample of spiral galaxies
selected from The H I Nearby Galaxy Survey (THINGS, Walter et al. 2008). We apply the
statistical moments in three different methods— the galaxy as a whole, divided into a function
of radii and then into grids. We create individual grid maps of kurtosis for each galaxy. To
investigate the relation between these moments and star formation, we compare these maps with
their far-ultraviolet images taken by the Galaxy Evolution Explorer (GALEX) satellite. We find
that the moments are largely uniform across the galaxies, in which the variation does not appear
to trace any star forming regions. This may, however, be due to the spatial resolution of our
analysis, which could potentially limit the scale of turbulent motions that we are sensitive to
greater than ∼ 700 pc. From comparison between the moments themselves, we find that the gas
motions in our sampled galaxies are largely supersonic. This analysis also shows that Burkhart et
al. (2010)’s methods may be applied not just to dwarf galaxies but also to normal spiral galaxies.
Subject headings: galaxies: spiral (NGC 925, NGC 2403, NGC 2976, NGC 3031, NGC 4736, NGC 5194,
NGC 5236, NGC 6946, NGC 7793, IC 2574) – galaxies: star formation – turbulence – methods: statistical
1. INTRODUCTION
Turbulence in interstellar medium (ISM) has
been shown as the dominant source of structure
and dynamics of the various gas phases (e.g. Lar-
son 1981; Dickey & Lockman 1990; Burkert 2006).
When temperature drops below 104 K in the in-
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terstellar medium, the kinetic turbulent pressure
becomes important as it often exceeds the ther-
mal pressure. The sonic Mach number, Ms, can
be an indicator of the medium in which turbu-
lent motions are taking place. A Mach number
of 4 to 5 has been commonly associated with the
cold neutral medium where molecular clouds form,
and a Mach number of ∼ 1.4 to 2.4 has been as-
sociated with the warm ionized medium in the
Milky Way Galaxy. Turbulence is driven on dif-
ferent length scales, from star-forming molecular
clouds to galactic spiral arms, by various ener-
getic sources such as stellar feedback, high H I
velocity dispersion in parts of galactic disks, galac-
tic rotation, and the magneto-rotational instabil-
ity caused by the coupling of galactic shear with
magnetic field (e.g. Elmegreen 2002; Hennebelle
& Falgarone 2012). However, Stilp et al. (2013c)
found that no theorized trigger of turbulence in
neutral hydrogen gas (H I) is powerful enough to
drive the observed levels on its own.
Many studies suggest that turbulence compres-
sion is one of the triggers of star formation in
clouds. The instabilities due to localized cloud col-
lapses induce turbulence that compresses the gas
further, which can cover scales below the Jeans
length, and cascade downward quickly to produce
very small structure in the cool ISM (Elmegreen
2002). Such theoretical models of gas motions
and compressions in a turbulent fluid shows that
when power spectrum analysis is done on the gas
emissions, we can expect a power law relation of
the spatial frequencies (Goldman 2000; Lazarian &
Pogosyan 2000). Therefore, power spectrum anal-
ysis of emission maps is often used as an obser-
vational diagnostic for the dynamics and stability
of ISM (Elmegreen & Scale 2004), both at galaxy
scales and cloud scales. Based on these observa-
tional analyses (e.g. Elmegreen et al. 2001; Block
et al. 2010; Combes et al. 2012; Hennebelle & Fal-
garone 2012, and references within), the power
spectra can be approximated as two power laws,
a shallow one on large scales (> 100 pc) and a
steeper one on small scales, with the break be-
tween the two corresponding to the galaxy’s line-
of-sight disk thickness. On large scales, turbulent
processes and gas motions are approximately two
dimensional, driven by density waves in the disk,
while on small scales, are three dimensional, con-
trolled by star formation and feedback (possibly
through expanding H II regions, although this is
not well understood). On the other hand, gas tur-
bulence can also disrupt gaseous structures faster
than they gravitationally collapse, which could
potentially quench the star formation activity in
galaxies (e.g. Dekel et al. 2009; Martig et al. 2009;
Murray et al. 2010; Ostriker & Shetty 2011).
In low density regions in galaxies, such as the
outer skirts in galactic disks and dwarf irregular
galaxies (e.g. Elmegreen & Hunter 2006; Kraljic
et al. 2014), turbulence may play an even more
crucial role in causing star formation. However,
the mechanism of turbulence in the inner, higher
density, and outer, lower density regions of spi-
ral galaxies could be different (Piontek & Ostriker
2005; Tamburro et al. 2009), and such differences
could also contribute to differences in the presence
and efficiency of star formation (Bournaud et al.
2010; Renaud et al. 2012). In this study we seek
to understand the role of turbulence in star forma-
tion in normal spiral galaxies overall and in their
outer disks, using a new analysis based on statis-
tical moments.
Several statistical methods have proven use-
ful in analyzing turbulent structure in ISM
(e.g. Kowal et al. 2007; Lazarian 2009; Burkhart
et al. 2009, 2010). In particular, Burkhart et al.
(2010) used a combination of observational data
and a database of simulations to show that the
statistical moments—variance, skewness and kur-
tosis, when applied to the H I column density
images, can be used to characterize the turbulent
structure in the Small Magellanic Cloud. Specifi-
cally, these statistical moments have a dependence
on the sonic Mach number, Ms. Variance has a
linear dependence over a broad range ofMs, while
both skewness and kurtosis have a rather flat but
still increasing dependence on Ms for supersonic
models. These dependences can be explained in
that asMs increases, so does the Gaussian asym-
metry of the column density (and density) distri-
butions due to higher gas compression via shocks,
resulting in the increase of variance, skewness, and
kurtosis. However, Burkhart et al. (2010) sug-
gested that, in order to make a direct comparison
between simulations and observations, the higher
order moments, skewness and kurtosis, are more
appropriate statistics to use since they are not af-
fected by the scaling of the data set. Moreover,
when pixel-to-pixel comparison between skewness
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and kurtosis is performed, Burkhart et al. (2010)
found that the supersonic model shows a good
correlation between kurtosis and skewness, while
the subsonic model does not (see Section 3.1).
In this study, we apply the technique from
Burkhart et al. (2010) to a sample of ten galax-
ies chosen from The H I Nearby Galaxy Survey
(THINGS1, Walter et al. 2008) to test whether
it is applicable to normal spiral galaxies. We
first apply the third and fourth order statisti-
cal moments, skewness and kurtosis, to H I col-
umn density images of our galaxies in order to
search for signs of turbulence. We then compare
these high-order statistics (HOS) to the photo-
metric variations in each galaxy’s far-ultraviolet
(FUV) image taken by the Galaxy Evolution Ex-
plorer (GALEX) satellite. As FUV emission is a
direct indicator of young stars, a comparison be-
tween the FUV emission to the variations in the
HOS of the H I gas may reveal a relationship be-
tween star formation and turbulence.
This paper is organized as the follows: §2 de-
scribes our data set, §3 presents our statistical
methods and the three different ways we applied
these methods to the galaxies, and §4 summarizes
our results and discusses some possible further
analysis.
2. DATA
2.1. THINGS H I Column Density Images
Table 1 summarizes the properties of the se-
lected ten galaxies, which cover a distance of 3.2
to 9.2 Mpc and types of Sab to Sd spirals. These
galaxies were selected from the THINGS sample
because they have beam sizes that are less than
or equal to ∼ 200 pc. We utilize the robust-
weighted H I column density (moment 0) images
from THINGS, a survey of nearby galaxies ob-
tained at the Very Large Array (VLA) of the Na-
tional Radio Astronomy Observatory2 (Walter et
al. 2008). These images have beam sizes of 4.8′′ to
10.4′′. However, in order to analyze the galaxies
at the same intrinsic spatial scale, we smoothed
the images to a resolution of 200 pc for all galax-
1See http://www.mpia.de/THINGS/Overview.html.
2The National Radio Astronomy Observatory is a facility of
the National Science Foundation operated under coopera-
tive agreement by Associated Universities, Inc.
ies. Note that we found the pixel scale of the ac-
quired NGC 5236 image is 1.5′′ per pixel and the
original image size is 1024 × 1024 pixels, differ-
ent from what is recorded in Walter et al. (2008).
For the NGC 3031 image, several bright contin-
uum sources and noisy regions at the edges of the
image were removed in order to reduce errors in
the following statistical analysis.
2.2. GALEX Far-Ultraviolet Images
We also utilize FUV (λeff = 1516 A˚) images
from the Nearby Galaxy Survey (Gil de Paz et al.
2007) obtained with the GALEX satellite (Martin
et al. 2005)3. Each FUV image was first trimmed
to a size of 2000×2000 pixels where the pixel scale
is 1.5′′ per pixel, while NGC 925 and NGC 7793
have smaller image sizes, 557× 557 and 629× 629
pixels respectively, and were not trimmed. In or-
der to perform surface photometry, we first re-
moved any unassociated galaxies and foreground
stars from the image, so that the sky background
could be fit and subtracted. The foreground ex-
tinction was corrected using E(B−V) values listed
in Table 1, however we did not correct for red-
dening internal to the galaxies. This would serve
to brighten the FUV photometry and introduce a
radial trend since reddening should decrease with
distance from the center of the galaxy. However,
our analysis of comparing FUV variations with the
H I HOS would not be affected, since features in
the FUV profiles would remain. For NGC 3031, a
nearby dwarf galaxy was masked out in order to
show the surface brightness of NGC 3031 alone.
Figure 1 shows both the H I column density
map and FUV images of all the galaxies. Table 2
summarizes the image parameters for each galaxy.
In the final analysis, the H I and FUV images are
aligned and trimmed to be the same size, listed in
the last column in Table 2.
3. ANALYSIS
3.1. Higher Order Statistical Moments
The first through fourth statistical moments of
a given distribution are the mean, variance, skew-
ness, and kurtosis. In order to compare with the
results from Burkhart et al. (2010), we adopted
3NGC 6949 is not in the NGS survey.
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Table 1
Properties of Sampled Galaxies
R.A. (J2000) Dec. (J2000) D R25 Incl. P.A. E(B−V) log(SFR)
Name (hh mm ss.s) (dd mm ss) (Mpc) (kpc) (deg) (deg) b/a (Mag) (M yr−1 kpc−2)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC 925 02 27 16.5 33 34 44 9.2 14.3 66 287 0.45 0.067 −2.77
NGC 2403 07 26 51.1 65 36 03 3.2 7.38 63 124 0.49 0.035 −2.30
NGC 2976 09 47 15.3 67 55 00 3.6 3.80 65 335 0.46 0.063 −2.66
NGC 3031 09 55 33.1 69 03 55 3.6 11.2 59 330 0.33 0.071 −2.57
NGC 4736 12 50 53.0 41 07 13 4.7 5.19 41 296 0.77 0.015 −2.31
NGC 5194 13 29 52.7 47 11 43 8.0 9.04 42 172 0.76 0.031 −1.63
NGC 5236 13 37 00.9 −29 51 57 4.5 10.1 24 225 0.92 0.059 −2.11
NGC 6946 20 34 52.2 60 09 14 5.9 9.86 33 243 0.85 0.303 −1.81
NGC 7793 23 57 49.7 −32 35 28 3.9 5.94 50 290 0.66 0.017 −2.34
IC 2574 10 28 27.7 68 24 59 4.0 7.50 53 56 0.62 0.032 −3.17
Note.—Column 4: distance taken from NED; Column 5: optical size calculated at distance D based on angular R25 taken
from LEDA; Column 6 & 7: inclination and position angle taken from LEDA; Column 8: semi-minor to semi-major axis ratio,
calculated from inclination assuming an intrinsic axis ratio of 0.2 for normal spiral galaxies; Column 9: foreground galactic
extinction taken from NED for the recalibration of the Schlegel et al. (1998) values by Schlafly & Finkbeiner (2011); Column 10:
normalized star formation rate per area of the galaxy, SFR adopted from Walter et al. (2008) and area estimated from R25.
Table 2
Parameters of H I and FUV Images
H I Scale FUV Scale Final Size
Galaxy (′′ pix−1) (′′ pix−1) (pix)
NGC 925 1.5 1.5 629 × 629
NGC 2403 1.0 1.5 2000 × 2000
NGC 2976 1.5 1.5 1024 × 1024
NGC 3031 1.5 1.5 2000 × 2000
NGC 4736 1.5 1.5 1024 × 1024
NGC 5194 1.5 1.5 1024 × 1024
NGC 5236 1.5a 1.5 1024 × 1024
NGC 6946 1.5 1.5 1024 × 1024
NGC 7793 1.5 1.5 557 × 557
IC 2574 1.5 1.5 1024 × 1024
aNote that the image scale is found to be different
from Walter et al. (2008).
4
Fig. 1.— Galaxy images; north is up and east
is left. Left: H I column density image from
THINGS. Right: GALEX FUV image.
their standard score scaling method for the H I
column density distribution:
ξ =
ξo − ξ¯o
σo
, (1)
where ξ is the new normalized value, ξo is the
original column density value, ξ¯o is the arithmetic
mean, and σo is the standard deviation of the orig-
inal data set. Note that we only consider pixels
with column density value ξo greater than zero.
This new normalized value represents the differ-
ence between the original value and the mean, in
units of the standard deviation.
Following this scaling operation, for an image
with the column density value per pixel i given by
ξi, the mean ξ¯ and variance σ
2
ξ can be calculated
as
ξ¯ =
1
N
N∑
i=1
ξi (2)
Figure 1 continued.
Figure 1 continued.
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Figure 1 continued.
and
σ2ξ =
1
N − 1
N∑
i=1
(
ξi − ξ¯
)2
(3)
respectively, where N is the total number of pixels
(with ξo values > 0) in the image.
The HOS moments— skewness (γξ) and kur-
tosis (βξ)— can then be calculated. The third
statistical moment, skewness, is defined as
γξ =
1
N
N∑
i=1
(
ξi − ξ¯
σξ
)3
. (4)
When skewness does not equal to zero, the distri-
bution of the data are skewed and have an elon-
gated tail (i.e. a Gaussian distribution has a skew-
ness of zero, and the mean and the mode coincide
at the same location). If the skewness value is pos-
itive, the distribution has its peak (or the mode)
leftwards of a normal Gaussian and a tail extended
rightwards, and vice versa for a negative skewness
value. A distribution with a more positive skew-
ness value has its peak shifted further leftwards.
When applied to our H I column density images, a
distribution with positive skewness represents that
the sample data is skewed towards lower density
values, with a small number of pixels having high
density values. The standard error in skewness
(SES) can be estimated by
√
6/N (Burkhart et
al. 2010; Tabachnick & Fidell 1996).
The fourth statistical moment, kurtosis, is de-
fined as
βξ =
1
N
N∑
i=1
(
ξi − ξ¯
σξ
)4
− 3. (5)
Kurtosis is a measure of the “sharpness” or
“flatness” of a distribution’s peak as compared to
a Gaussian distribution (i.e. again a Gaussian dis-
tribution has a kurtosis of zero). A positive kur-
tosis indicates a distribution with a sharper peak
and elongated tails, while a negative kurtosis in-
dicates a distribution with a flatter peak and non-
elongated tails. The standard error in kurtosis
(SEK) can be estimated by
√
24/N (Burkhart et
al. 2010; Tabachnick & Fidell 1996).
As mentioned in Section 1, both skewness and
kurtosis have a dependance on turbulent prop-
erties, specifically the sonic Mach number, Ms
(Burkhart et al. 2010). To better understand the
interpretations from the results of Burkhart et al.
(2010, specifically their Figures 3 and 5), we sum-
marize the relations below. When kurtosis has a
value of β ∼ 0 (and skewness of γ ∼ 0.7),Ms = 1.
When β < 0 (and γ < 0.7),Ms < 1 and both mo-
ments have a flat dependence on Ms. Thus when
gas motion is in subsonic regime, turbulent com-
pression is not strong and has a weak correlation
with the gas velocity.
However, when 0 < β . 3, gas motion can be
subsonic or supersonic, or so-called transonic. One
way to determine the gas motion in the regions of
study in a galaxy, is to examine the correlation be-
tween the two moment values in these regions (see
Section 3.4 and Figure 6 below). If overall β values
have a single dependence on γ values, gas motion
is supersonic; if β values do not have a single corre-
lation with γ values in these regions, gas motion is
subsonic. In other words, some regions in a galaxy
can have the same β value but different γ values
(here −1 < γ < 1.5) when gas motion is sub-
sonic. When β > 3, the ambiguity vanishes and
gas motion is all supersonic. Kurtosis and skew-
ness both then have a strong correlation withMs
when β > 3, and so the higher gas velocity in their
supersonic motion, the stronger the compression.
However, care has to be taken when interpreting
the sources of such compression. Burkhart et al.
(2010) suggested that the gas compression can be
due to turbulence but not necessarily, it can also
be due to gas shearing or just local shocks. Such
compression may not also be directly related to
star forming regions.
3.2. Whole Image HOS Moments
Skewness and kurtosis were first calculated for
each H I image as a whole, and the results for
each galaxy are summarized in Table 3. All galax-
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Fig. 2.— The distribution of normalized column
density in NGC 7793 and NGC 4736, from −1.0
to 9.0 in 100 bins. Note that the vertical scale
is different. Their HOS values, skewness γξ and
kurtosis βξ, are also shown.
ies in our sample have positive skewness and kur-
tosis values, and the distributions of their nor-
malized column densities are highly non-Gaussian
and skewed towards the low column density values
with a much elongated tail. Based on Burkhart
et al. (2010), these values suggest that overall
gas motions in all galaxies are in the supersonic
regime. NGC 7793 has the lowest kurtosis (βξ =
2.19) while NGC 4736 has the highest kurtosis
(βξ = 16.8) among the galaxies. Their distribu-
tions and HOS values are shown in Figure 2. No-
tice how the shapes of the distribution are differ-
ent which demonstrates the different kurtosis val-
ues. As expected, H I gas is distributed unevenly
in galaxies with concentrations and low density
regions. Comparing to their images, NGC 4736
shows a high concentration of gas in the central re-
gions with relatively low H I density in the arms.
On the other hand, NGC 7793 shows relatively
evenly distributed H I gas.
We also compare their kurtosis values with the
log of star formation rate (SFR) listed in Col-
umn (10) in Table 1, normalized by their area.
Here we estimate the area of a galaxy using
its optical distance D and radius R25, listed in
Columns (4) and (5) in Table 1. The result is
shown in Figure 3, however, there is no evident
correlation between kurtosis in a galaxy as a whole
Fig. 3.— Log(SFR) vs. Kurtosis for each galaxy
as a whole. Star formation rate, normalized by the
area of the galaxy, is in units of M yr−1 kpc−2.
and its global SFR— for similar kurtosis values in
galaxies, there can be more than an order of mag-
nitude difference in the normalized SFR.
3.3. HOS Moments as a Function of Ra-
dius
Our next application of the HOS was their cal-
culation as a function of radius from the center
of each galaxy. We chose 20 pixels as the cen-
tral radius for galaxy images with a pixel scale
of 1.5′′. This size was chosen so that at least
50 independent beam sizes were included in each
annulus to ensure a significant signal-to-noise ra-
tio. The annuli continued outwards in 20-pixel
increments to just beyond the edge of each galaxy.
For NGC 2403, with a pixel scale of 1.0′′, we use
30 pixels for the central radius as well as the in-
crement of the annuli. Each of these annuli ex-
tends approximately 30′′ in width, or approxi-
mately 730 pc at a distance of 5.0 Mpc.
In order to calculate the statistics in each an-
nulus, first we calculated the apparent distance s
of each pixel in the image based on its coordinate
(x, y) relative to the galactic center (xo, yo) listed
in Column (2) and (3) in Table 1. We then cor-
rected for the galaxy’s geometry and derived the
radius in the plane of the galaxy of each pixel using
the formula
r = s[sec2 i− tan2 i cos2(η − φ)]1/2, (6)
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Table 3
Statistical Moments of H I images
Meana St. Dev.b Normalized Mean Skewness Kurtosis
Galaxy (ξ¯o) (σo) (ξ¯) (γξ) (βξ)
NGC 925 689 804 5.45 × 10−16 1.56 2.24
NGC 2403 513 553 −3.01 × 10−14 1.65 3.23
NGC 2976 235 454 2.16 × 10−16 3.54 14.57
NGC 3031 585 673 −3.53 × 10−15 1.94 4.86
NGC 4736 186 239 9.21 × 10−16 3.42 16.80
NGC 5194 311 440 3.52 × 10−15 2.31 6.08
NGC 5236 224 220 −6.03 × 10−15 1.92 4.99
NGC 6946 399 400 −7.33 × 10−15 1.63 3.38
NGC 7793 444 568 1.07 × 10−14 1.65 2.19
IC 2574 577 625 3.54 × 10−15 1.57 3.05
aMean of the original column density. Note only values > 0 are included.
bStandard deviation of the data included in calculating ξ¯o.
where i and φ are the inclination and position an-
gle of the galaxy, listed in Columns (6) and (7) in
Table 1, and η is the angle between north and the
pixel measured from (xo, yo). The angle η does not
need to be determined, since cos2(η−φ) can be cal-
culated knowing that tan(η−φ) = (y−yo)/(x−xo).
Once r was determined, each pixel was assigned to
an annulus, and the HOS moments for each annu-
lus were calculated. As an example, these statis-
tics for NGC 5194 are shown in Table 4.
In order to compare with the star formation
rate in each annulus, the IRAF4 ellipse function
was used to perform surface photometry in concen-
tric ellipses on the FUV images, matching those
created for the H I images. We then parsed the
data from those ellipses into separate annuli and
constructed FUV magnitudes per annulus. Fig-
ure 4 shows the comparison of kurtosis and FUV
surface brightness as a function of radius (in kpc)
for each galaxy.
As expected, most of the FUV surface bright-
nesses show a general downward trend for larger
annuli. NGC 6946, however, has a relatively flat
4IRAF is distributed by the National Optical Astronomy
Observatory, which is operated by the Association of Uni-
versities for Research in Astronomy (AURA) under a coop-
erative agreement with the National Science Foundation.
brightness across the galaxy. In some galaxies,
such as NGC 3031 and IC 2574, there is an in-
crease in brightness at mid-radius regions, most
likely due to crossing from a dimmer part of a
galaxy to a brighter one.
On the other hand, the kurtosis, with values be-
tween −1 and 8, appears to have a loosely upward
trend in most galaxies, however the progression
from central annuli to outermost was noisy and in
general showed no correlation with fluctuations in
the FUV surface photometry. The highest kurto-
sis value occurs in NGC 4736 (βξ ∼ 16) at radii
between 6 to 8 kpc. This is most likely due to the
concentrated H I region in the western arm (see
Figure 1), which contributes to a much elongated
tail towards the high density values in the distri-
bution, and therefore gives a high kurtosis value at
such radii. In general, we do not find any correla-
tion between FUV surface brightness and kurtosis
among the galaxies in this analysis.
3.4. HOS Moments in a Grid
Our final application of the HOS was to calcu-
late them in a grid of 32 square pixels (48 square
pixels for NGC 2403) across the image of each
galaxy. At a distance of 5.0 Mpc, 32 pixels is equal
to ∼ 48′′, or ∼ 1 kpc. This method is in analogy to
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Table 4
HOS as a Function of Radius for NGC 5194
Annulus Pixels Skewness Kurtosis
(pix) includeda (γξ) (βξ) SES
b SEKb
0 — 20 936 0.31 −0.59 0.080 0.160
20 — 40 2800 0.65 −0.03 0.046 0.093
40 — 60 4655 0.88 1.23 0.036 0.072
60 — 80 6534 1.05 1.57 0.030 0.061
80 — 100 8383 0.80 0.62 0.027 0.054
100 — 120 10199 0.87 0.52 0.024 0.049
120 — 140 11841 1.41 2.10 0.023 0.045
140 — 160 13434 1.44 2.22 0.021 0.042
160 — 180 15033 1.84 3.85 0.020 0.040
180 — 200 15838 2.34 7.31 0.019 0.039
200 — 220 16024 2.11 5.27 0.019 0.039
220 — 240 14932 2.04 4.40 0.020 0.040
240 — 260 14493 2.17 5.04 0.020 0.041
260 — 280 13000 2.17 5.12 0.021 0.043
280 — 300 11714 2.46 6.60 0.023 0.045
300 — 320 9835 2.98 12.15 0.025 0.049
320 — 340 9276 1.60 2.39 0.025 0.051
340 — 360 8251 1.84 4.10 0.027 0.054
aTotal number of pixels (with values > 0 before normalization)
included within the annulus.
bStandard error in skewness and kurtosis, calculated based on
Burkhart et al. (2010).
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Fig. 4.— Kurtosis, plotted on the right axis, and
FUV surface brightness (mag), plotted on the left
axis, as a function of radius (kpc) for each galaxy.
Blue triangles show the FUV magnitudes at each
annulus connected by the dashed line. Red circles
show the kurtosis values connected by the solid
line. Typical errors in FUV and kurtosis are in
the order of 10−1 mag and 10−2 respectively.
Burkhart et al. (2010), where they generated HOS
maps using a circular moving kernel of 35 pixels
in radius. First, we aligned and trimmed the H I
and FUV images to the same size depending on
which was smaller. The final sizes are listed in the
last column in Table 2. We then split each image
into a grid, calculated the HOS in each square,
and created the HOS maps for each galaxy. We
masked the pixels in the background of each im-
age to a value of 0, and squares along the edges
of a galaxy could include a number of these zero-
valued pixels. In order to correctly calculate the
HOS in these squares, we developed a cutoff where
a square should contain at least a certain num-
ber of pixels, Ncutoff , with values > 0. In other
words, if the number of pixels with values > 0 is
Fig. 5.— Left to right: skewness, kurtosis, and
FUV (mag) maps of each galaxy with color bars
shown. Note that each square in NGC 2403 FUV
map is 32 pixels wide, which gives the same phys-
ical size of 48′′ of each square in the skewness and
kurtosis maps.
less than Ncutoff in a square, the HOS were not
calculated and were assigned zero. For skewness
calculation, Ncutoff = 192 pixels and for kurtosis,
Ncutoff = 384 pixels. These cutoffs correspond to
a SES ∼ 0.2 and SEK ∼ 0.25 respectively.
In order to make a grid-to-grid comparison with
the FUV images, we then divided the FUV im-
ages into the same grid and calculated the total
FUV magnitude for each square. Note that the
original FUV images of NGC 2976 and NGC 3031
were limited by the instrument, causing anoma-
lous edges of squares in the grid images. In order
to show the direct comparison to the skewness and
kurtosis, a mask similar to the distribution in the
skewness map is applied to the grid image for each
galaxy. Skewness, kurtosis, and FUV grid maps
for all the galaxies are shown in Figure 5.
These maps show that skewness generally ap-
pears to increase with distance from the center
of the galaxy, and in some galaxies, for exam-
10
Figure 5 continued.
Figure 5 continued.
ple NGC 2403, NGC 4736, NGC773, high skew-
ness values occur around the edges. On the other
hand, kurtosis remains relatively uniform across
Figure 5 continued.
each galaxy with some fluctuations around the
edges. Comparing to the FUV grid maps, skew-
ness maps appear to trace some galaxy arms, es-
pecially in NGC 3031 and NGC 4736, but no pat-
terns relative to star-forming regions are found in
the kurtosis maps.
Figure 6 shows the grid-to-grid relation of kur-
tosis and skewness for each galaxy. Similar to
what we find in the analysis of whole image HOS
moments (Section 3.2), the moments show a good
correlation and generally match to the supersonic
result of Burkhart et al. (2010), indicating that the
gas motions in these grids are supersonic. How-
ever as noted earlier in Section 3.1, such super-
sonic compressions may not directly due to turbu-
lent motions. In our samples, though we do not
rule out the possibility of these compressions due
to turbulence, it is likely that these compressions
are due to local shearing or shocks.
4. DISCUSSION AND SUMMARY
4.1. Correlation Between Turbulence and
Star Formation
Studies have suggested that turbulence in ion-
ized gas regions is to be expected, and that one
can see a correlation between turbulence and star
formation (e.g. Stilp et al. 2013a; Moiseev et al.
2015). As stated earlier, turbulence can compress
gas over scales below the Jeans length and cas-
cade downward to produce very small structure
in the ISM, leading to star formation. Turbu-
lence can also quench the star formation activities
since it can disrupt gaseous structures faster than
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Fig. 6.— Kurtosis versus skewness in each kernel
of the grid for each galaxy. Note that the axes for
NGC 5194 are different from the rest of the plots.
they gravitationally collapse. On the other hand,
theories also suggest that star formation feedback
can drive supersonic turbulence through expand-
ing H II regions, although this is not well under-
stood (Ostriker & Shetty 2011).
In regions of neutral hydrogen, the timescale
involved in the progression from H I to molecu-
lar clouds to star formation can be long. This
is estimated to be about 30 to 40 Myr for dwarf
galaxies (Stilp et al. 2013b), making the connec-
tion of turbulence and star formation less direct.
Nevertheless, in this paper we present our study
of the higher order statistics (HOS), skewness and
kurtosis, of the H I maps for a sample of spiral
galaxies to examine whether a correlation between
turbulent gas motions and star formation exists.
Our first application is to compute the moments
of the whole galaxy and compare with the inte-
grated SFR, as shown in Figure 3. This compar-
ison does not suggest any correlation among the
galaxies as a whole. Next we compare kurtosis to
FUV surface photometry as a function of radius,
shown in Figure 4. These plots also do not appear
to draw a firm correlation in our sample. The
FUV surface photometry in most galaxies shows
a downward or nearly flat trend with radius. The
kurtosis, however, shows a peak at different ra-
dius for some galaxies, and in others it follows a
loosely upward trend. We conclude that no gen-
eral correlation between the FUV surface photom-
etry and kurtosis as a function of radius can be
found. However, we note that when performing
the annulus analysis, averaging azimuthally will
cause the variations in H I distribution within the
annulus to be lost. This could potentially wash
out the correlations that we are looking for, if the
scale of star formation is smaller than our annuli
width.
Finally, we consider HOS and FUV emission
divided in a grid map, as shown in Figure 5. Each
kurtosis map is almost uniform across the galaxy,
while maps of skewness show a greater variation
with higher values around the edges. Skewness
appears to trace the arms in some galaxies, but
the correlation is not consistent across the sample.
We find that neither kurtosis nor skewness maps
show a strong correlation to the FUV maps in this
application.
Even though there is no apparent correlation
between HOS and FUV in our three different
applications, the interpretation may not be so
straightforward, and we note that in-depth anal-
ysis may be required to make a more direct com-
parison in the future. Models of turbulent-based
star formation suggest that star formation rate
scales with the gas surface density (such as the
Kennitcut-Schmidt law), and that the fraction of
gas in collapsing structures, which infers the star
formation rate, is only a very weak function of the
Mach number and other properties of the turbu-
lent flow (e.g. Elmegreen 2002; Krumholz & Mc-
Kee 2005; Renaud et al. 2012). Therefore future
analysis may consider a comparison based on fixed
gas surface density. Nevertheless, we find that the
analysis of HOS and sonic Mach number is indeed
applicable to spiral galaxies. Specifically, our anal-
ysis of HOS in the whole image and in a grid sug-
gest that gas motions across each galaxy are su-
personic both globally and on a smaller scale.
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4.2. Potential Resolution Effects
A significant factor that could contribute to the
lack of correlation between HOS and FUV in our
applications is the spatial resolution of our analy-
sis. When performing our annulus analysis, in or-
der to ensure enough signal per annulus, we choose
the increment in radius to be 20 pixels for most
galaxies (30 pixels for NGC 2403), which corre-
sponds to a scale of ∼ 700 pc at an average dis-
tance of 5 Mpc for our galaxies. It is possible that
this may have been too low of a spatial resolution
to resolve the variations in HOS and FUV we were
looking for.
For example, in Figure 4 the FUV magnitudes
show an increase at ∼ 5 kpc for NGC 3031. A
slight increase in FUV can also be seen in galaxies
NGC 6949 and IC 2574 between 5 and 10 kpc.
When comparing to the FUV images, this in-
crease can be associated with large changes in
FUV brightness over a large distance. For exam-
ple, in NGC 3031 this increase of FUV magnitudes
at ∼ 5 kpc coincides with passing from the rela-
tively empty inner ring to the beginnings of the
spiral arm pattern. In NGC 6946 this FUV in-
crease at ∼ 6 kpc occurs at a similar change in
the galaxy. There are large sections of empty pixel
within the galaxy, so the increase in FUV emission
as a function of radius can be explained by pas-
sage from a relatively FUV empty annulus to the
next annulus where there is more FUV emission.
These FUV variations are easily detected and
can be explained when examining kpc scales across
a galaxy. However any variations on a smaller
scale are very likely not visible in our analysis.
Turbulence, and therefore the HOS, might vary
on a scale smaller than the spatial resolution of
our analysis. If our annulus analysis at the scale
of 20 pixels cannot resolve the HOS and FUV vari-
ations, the same effect would appear in our grid
analysis, which compares 32× 32 square pixels in
the galaxies. This may indicate an upper limit of
∼ 700 pc for the scale of observed turbulent mo-
tions.
Both theoretical and observational studies sug-
gest that the nature of turbulence and its driven
mechanisms are different below and above the
scale of line-of-sight disk thickness, which are typ-
ically ∼ 100 pc in nearby disk galaxies (Elmegreen
et al. 2003; Block et al. 2010; Bournaud et al.
2010; Combes et al. 2012). The energy injection
in the ISM on scales < 100 pc mainly comes from
gravitational processes, such as gravitational in-
stabilities and inward mass accretion (Bournaud
et al. 2010; Elmegreen & Burkert 2010; Klessen
& Hennebelle 2010), with regulations from stel-
lar feedback, and the behavior of turbulence in
these scales is three dimensional. Therefore in our
samples the turbulence presumably is two dimen-
sional driven by disk self-gravity or global disk
rotation, and mixed with density-wave and bar-
driven streaming motions (Block et al. 2010; Bour-
naud et al. 2010).
4.3. Gas Motion in Interacting Galaxies
Studies of interacting galaxies, both theoreti-
cally and observationally, suggest that shocks trig-
gered during the process can induce star forma-
tion in these galaxies (e.g. Elmegreen et al. 1995;
de Grijs et al. 2003; Barnes 2004; Chien et al. 2007;
Chien & Barnes 2010, and references within). Two
of the galaxies in our sample, NGC 3031 (or M81)
and NGC 5194, are in the process of interacting
with another galaxy. In particular, NGC 3031,
M82, and NGC 3077 is a system of three inter-
acting galaxies. The analyses of HOS and FUV
for these two galaxies do not appear to be differ-
ent from other galaxies in our sample. However,
the cause of turbulence in the gas of these galaxies
may be the interaction itself, which may possibly
result in a different spatial distribution from those
in single spiral galaxies. This is an open question
we are investigating and a similar study on more
interacting galaxies is underway.
4.4. Summary and Future Work
1. Our analysis does not indicate any signifi-
cant correlation between turbulence and star for-
mation in spiral galaxies. Distributions of statis-
tical moments across a galaxy do not trace any
star-forming regions. However, we note that our
analysis, and thus the possible interpretations, can
be improved through a more in-depth compar-
isons based on fixed gas surface density among the
galaxies.
2. We find that the analysis of HOS and the
sonic Mach number in Burkhart et al. (2010) is
applicable to spiral galaxies as well, and that the
gas motions in each galaxy are largely in the super-
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sonic regime. These gas compressions may be due
to turbulence, but also likely due to local shearing
or shocks. In the future we would like to map the
Mach number across the galaxies, in order to see
its distribution in the ISM, and analyze whether
there is a relation of the cold neutral medium, the
warm ionized medium and star-forming regions
(Young & Lo 1996; Young et al. 2003; de Blok
et al. 2006).
3. Much of our analysis may have been res-
olution limited— variations in HOS that would
indicate the correlations of turbulence and star
formation may only be detectable at smaller spa-
tial scales. On the other hand, this also indicates
that our analysis possibly places an upper limit
of ∼ 700 pc on the scale of turbulent motions.
Presumably on such large scales (> 100 pc), tur-
bulence is driven by disk gravitational instabili-
ties and mixed with density-wave or bar-driven
streaming motions. Therefore in our samples, we
may be observing large-scale turbulence that is
less associated with stellar activities. Future work
may include more similar analysis at higher spa-
tial resolutions, if possible, without compromising
the signal-to-noise ratio. One way to increase the
resolution of the grid analysis is to overlap each
kernel with the previous, without reducing its size,
rather than creating discrete kernels.
4. The same analysis for a larger sample
of dwarf galaxies from the LITTLE THINGS5
(Hunter et al. 2012) survey is underway. We will
compare the results, in a separate paper, to see
what further correlations can be drawn between
dwarf galaxies and spiral galaxies. A similar study
of interaction-triggered shocks, turbulence, and
star formation in interacting galaxies is also in
progress.
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